a b s t r a c t 29 We have found a new way to express the solutions of the RSM (Reynolds Stress Model) equations that 30 allows us to present the turbulent diffusivities for heat, salt and momentum in a way that is considerably 31 simpler and thus easier to implement than in previous work. The RSM provides the dimensionless mixing 32 efficiencies C a (a stands for heat, salt and momentum). However, to compute the diffusivities, one needs 33 additional information, specifically, the dissipation e. Since a dynamic equation for the latter that includes 34 the physical processes relevant to the ocean is still not available, one must resort to different sources of 35 information outside the RSM to obtain a complete Mixing Scheme usable in OGCMs. As for the dissipation e, we use different representations, one for the mixed layer (ML), one for the ther-45 mocline and one for the ocean's bottom. For the ML, we adopt a procedure analogous to the one success-46 fully used in PB (planetary boundary layer) studies; for the thermocline, we employ an expression for the 47 variable eN À2 from studies of the internal gravity waves spectra which includes a latitude dependence; 48 for the ocean bottom, we adopt the enhanced bottom diffusivity expression used by previous authors 49 but with a state of the art internal tidal energy formulation and replace the fixed C a = 0.2 with the 50 RSM result that brings into the problem the Ri, R q dependence of the C a ; the unresolved bottom drag, 51 which has thus far been either ignored or modeled with heuristic relations, is modeled using a formalism 52 we previously developed and tested in PBL studies. 
21
Keywords :  22  Turbulence  23  Tides  24  Double diffusion  25  Mixing  26 OGCM 27 2 8 a b s t r a c t 29 We have found a new way to express the solutions of the RSM (Reynolds Stress Model) equations that 30 allows us to present the turbulent diffusivities for heat, salt and momentum in a way that is considerably 31 simpler and thus easier to implement than in previous work. The RSM provides the dimensionless mixing 32 efficiencies C a (a stands for heat, salt and momentum). However, to compute the diffusivities, one needs 33 additional information, specifically, the dissipation e. Since a dynamic equation for the latter that includes 34 the physical processes relevant to the ocean is still not available, one must resort to different sources of 35 information outside the RSM to obtain a complete Mixing Scheme usable in OGCMs. 36 As for the RSM results, we show that the C a 's are functions of both Ri and R q (Richardson number and 37 density ratio representing double diffusion, DD); the C a are different for heat, salt and momentum; in the 38 case of heat, the traditional value C h = 0.2 is valid only in the presence of strong shear (when DD is inop-39 erative) while when shear subsides, NATRE data show that C h can be three times as large, a result that we 40 reproduce. The salt C s is given in terms of C h . The momentum C m has thus far been guessed with differ-41 ent prescriptions while the RSM provides a well defined expression for C m (Ri, R q ). Having tested C h , we 42 then test the momentum C m by showing that the turbulent Prandtl number C m /C h vs. Ri reproduces the 43 available data quite well. 44 As for the dissipation e, we use different representations, one for the mixed layer (ML), one for the ther-45 mocline and one for the ocean's bottom. For the ML, we adopt a procedure analogous to the one success-46 fully used in PB (planetary boundary layer) studies; for the thermocline, we employ an expression for the 47 variable eN À2 from studies of the internal gravity waves spectra which includes a latitude dependence; 48 for the ocean bottom, we adopt the enhanced bottom diffusivity expression used by previous authors 49 but with a state of the art internal tidal energy formulation and replace the fixed C a = 0.2 with the 50 RSM result that brings into the problem the Ri, R q dependence of the C a ; the unresolved bottom drag, 51 which has thus far been either ignored or modeled with heuristic relations, is modeled using a formalism 52 we previously developed and tested in PBL studies. 53 We carried out several tests without an OGCM. Prandtl and flux Richardson numbers vs. Ri. The RSM 54 model reproduces both types of data satisfactorily. DD and Mixing efficiency C h (Ri, R q ). The RSM model 55 reproduces well the NATRE data. Bimodal e-distribution. NATRE data show that e(Ri < 1) % 10e(Ri > 1), 56 which our model reproduces. Heat to salt flux ratio. In the Ri ) 1 regime, the RSM predictions reproduce 57 the data satisfactorily. NATRE mass diffusivity. The z-profile of the mass diffusivity reproduces well the 58 measurements at NATRE. The local form of the mixing scheme is algebraic with one cubic equation to 59 solve.
Introduction

64
In two previous studies (Canuto et al., 2001, 2002, cited as I and 65 II), two vertical mixing schemes for coarse resolution OGCMs 66 (ocean general circulation models) were derived and tested. ever, because of shortcomings in I, II of both physical and structural here. By structural we mean that the expressions for the heat, salt 70 and momentum diffusivities in I, II were rather cumbersome. By 71 physical, we mean the need to include important physical pro-72 cesses that were missing in I, II. terizing double diffusion DD processes) are defined as follows: one. Physically, this is equivalent to taking production equal dissi-117 pation, P = e, where P = P s + P b is the total production due to shear 118 and buoyancy. Since tions by several authors (Polzin et al., 1995; Polzin, 1996; Kunze and 170 Sanford, 1996; Gregg et al., 1996; Toole, 1998) (Martin, 1985) . equations for the mean temperature T, salinity S and velocity U: and the eddies are correspondingly small. This is likely to be the 2 Observe the motion of the water surface, which resembles that of hair, that has two motions: one due to the weight of the shaft, the other to the shape of the curls; thus, water has eddying motions, one part of which is due to the principal current, the other to the random and reverse motion (translated by Prof. U. Piomelli, University of Maryland, private communication, 2008).
reason why the relations (7) (Frisch, 1995) . Postponing the discussion of how to compute K-e 347 for a moment, we return to (7) and choose the third relation in function has yet been proposed for the momentum diffusivity and 366 in most OGCMs, K m is treated as a free parameter, e.g., in the GFDL 367 model, it is taken to be K m = 1 cm 2 s À1 (Griffies et al., 2005) . One 368 could in principle improve on that by using available data on the 369 turbulent Prandtl number (Webster, 1964; Gerz et al., 1989;  370 Schumann and Gerz, 1995; Canuto et al., 2008a, and Fig. 3c It is fair to say that the apparent inability of the original 1982-MY 412 model to produce ''more mixing" was a key motivation for the KPP 413 model (Large et al., 1994) which is not based on the RSM but on 414 an analogy with mixing in the atmospheric boundary layer.
415
In 2001, a mixing scheme using the RSM was proposed (Canuto 416 et al., 2001, I in Table 1 ) which showed that (13) as (13) by Martin (1985) . The model, however, had limitations, 425 the most important of which are Q1 (Table 1) In 2002, a second mixing scheme was proposed (Canuto et al., 430 2002, II in Table 1 ) with the goal to include double diffusion pro-431 cesses while the other parts of the model were the same as in I. 
The (41) and (55) tions for the fluctuating u,h fields that read as follows: ance that must also be ''closed", that is, parameterized in terms of 528 the second-order moments. How this is done was discussed in de-529 tail in Canuto (1992) and more recently in Cheng et al. (2002, 530 2005) and there is therefore no need to repeat the discussion here. field of research, as discussed in a recent work .
564
The problem of how to solve the RSM equations for the second-565 order correlations (14), including the non-local terms, was studied 566 in a recent paper 
605 605 (1) to make this paper self-contained,
U N C O R R E C T E D P R O O F
S q ¼ S h À S s R q 1 À R qð27Þ 632
648
(2) to correct misprints in II, specifically, Eqs. (5) and (9) 
687 687 688 where the dimensionless variables x, p and q are defined as 689 follows: The general form of the ratio w 2 =K is given by: In Fig. 3c we present the turbulent Prandtl number, Eq. (10), vs.
772
Ri. We have superimposed data for the no-DD case to show that the 773 model reproduces them satisfactorily. Finally, in Fig. 3d we plot the 774 flux Richardson number derived from Eqs. (22), (23) and (32): (44) and (45), the mixing efficiency for the tem-818 perature field is given by:
821 821
822
In the case of salt fingers, measured data give r % 0.6-0.7, R q % 0.6-823 0.7 (Kunze, 2003; Schmitt, 2003) and thus the model predicts that 824 C h has the value: (Osborn, 1980, Eq. (10) that SF occur in the regime (Schmitt, 1994 ):
838 838 839 where the lhs is the ratio of the salt to heat kinematic diffusivities.
840
On the other hand, Schmitt and Evans (1978) showed that in the to lower values of C h . The R q value corresponding to the maximum 64 C h , which we shall call R q (cr), can be read from the curves to be Using NATRE and TOPO data to estimate v (rate of dissipation of 871 the temperature variance) and e, St. Laurent and Schmitt (1999) 872 plotted the heat mixing efficiency C h (Oakey, 1985) as a function 873 of Ri and R q : (Fig. 4f) .
885
The challenge for any mixing scheme is to reproduce the data of including double diffusion processes, is defined as: The buoyancy diffusivity K q follows from (22) rewritten as:
where K q is the mass diffusivity given by:
This allows us to write the total production P in the compact form:
904 
Eliminating K m between (53) and (56), the form of C h given in (52) 908 becomes: (51), we derive the following relation:
944 944 945 where we have used the following notation:
). Using the mixing model result shown in Fig. 4 for 948 the mixing efficiency C h , in Fig. 5a we plot relation (58) To arrive at the results presented in Fig. 5a, we In the Ri ) 1 case, the heat to salt flux ratio is given by Eq. (46) 964 which we rewrite as: (1998) while for K h they employed the first of (32) with a constant 999 r = 0.71. For the DC regime, they employed a model for K h and r sug-1000 gested by Kelley (1990) . However, as none of their relations con-1001 tains Ri, it seems unlikely that they can reproduce the data in Fig. 4 .
1002
As for coupled global oceanic-atmospheric codes, the GFDL code 1003 (Griffies et al., 2005, see Eqs. (2) - (4) We complete the discussion about DD with some brief remarks 1008 about their oceanic importance (Ruddick and Gargett, 2003) . WR 1009 noted that at NATRE (Ledwell et al., 1993 (Ledwell et al., , 1998 transported by DD (St. Laurent and Schmitt, 1999; Kelley, 2001) . (Schmitt, 1994) and Muench et al. (1990) Next, consider the contribution of IGW to e igw which we quan-1102 tify using the Gregg-Henyey-Polzin model (Polzin et al., 1995; Pol-1103 Pol- zin, 1996 Kunze and Sanford, 1996; Gregg et al., 1996; Toole, 1104 1998) which gives: as the transition to a DD regime. In addition, since Schmitt and 1134 Evans (1978) and Zhang and Huang (1998) showed that SF become 1135 prevalent only at/or past R q % 0.6, this value is plotted in Fig. 8b 1136 (Ri À R q points corresponding to C q = 0) as a horizontal line. The 1137 corresponding Ri % 0.5 is taken to be the value of Ri (back).
1138
It must be stressed that we are not suggesting that the mea- must be tested against averaged data. In Fig. 9 , we compare the 
